Phthalocyanines with high peripheral substitutions and free from potential contamination by regioisomers have been synthesized and evaluated as photosensitizers for dye-sensitized solar cell applications. Each of the sterically hindered precursor compounds was accomplished by the Suzuki-Miyaura cross-coupling reactions with the arylchloride and corresponding boronic acids. Metal free phthalocyanine-sensitized solar cell showed no photocurrent generation due to its low excited singlet state (LUMO) compared with the conduction band of the TiO 2 . Upon zinc metalation, the LUMO level of the phthalocyanine was pushed up, and this variation afforded the exergonic free energy change for the electron injection.
Introduction
Exhaustion of the fossil fuels and the global energy concerns have never been recognized as seriously as recent days. In this context, research activities to acquire energy from the sun, as a clean and inexhaustible resource, are being extensively exploited. 1 After the seminal report of Grätzel et al, 2 dye-sensitized solar cells (DSSCs) with mesoporous TiO 2 have been regarded as one of the most promising candidates among a variety of regenerative energy sources developed to date. The fundamental aspects of the DSSCs have been well documented based on the widespread research efforts to disclose the nature of the devices including interfacial photoinduced electron transfer, role of mesoporous semiconductor electrode, and electrolyte. 3 From the practical and industrial point of view, however, the improvement in the performance has been rather stagnated during the last two decades. The main reason for this would be attributed to the limited light-harvesting capabilities of the existing dyes, especially for the near-infrared region. 4 As such, to devise and develop novel photosensitizer dyes that can effectively harvest the red light is the urgent task to make the DSSCs practically viable.
Phathalocyanines are the proper choice for this objective due to their strong Q band light absorption properties at around 700 nm. 5 Their extreme stabilities against thermal, chemical, and photochemical reactions are definitively the desirable features for the long-term and outdoor robustness for the DSSCs.
Applications of phthalocyanines for DSSCs as photosensitizers, however, have not been successful. 6 Notoriously poor solubility to common organic solvents and high tendency of 4 aggregations have been attributed to the main reason for impeding to reveal their potentials for DSSCs. Recent study by Torres et al. demonstrated the usefulness of phthalocyanines for red light-harvesting provided that the degree of aggregation is partially diminished by introducing three bulky t-butyl groups into the macrocycle plane. 7 The directionality in the excited state of the dye was also emphasized as an important factor for efficient light-harvesting. However, the reported compound is the mixture of the regioisomers, and this may result in the formation of rather complex monolayer on the TiO 2 surface, making it difficult to disclose the relationship between the monolayer structure and the photovoltaic properties. More importantly, the cell performance is still aided with the co-adsorption of chenodeoxycholic acid which is well-known to suppress the dye aggregation on the TiO 2 surface. Although the power conversion efficiency is the highest among the reported phthalocyanine-sensitized TiO 2 cell (η =3.5 %), it is much lower than those of Ru dye-based DSSCs (η =10-11 %). [2] [3] [4] Therefore, further studies are still needed to elucidate the close relationship between the molecular structure and the photovoltaic properties toward the improvement of cell performances.
Herein we report the synthesis and photovoltaic properties of a novel highly substituted zinc phthalocyanine carboxylic acid (ZnPc) and its metal free counterpart (H 2 Pc) as depicted in Figure 1 . The compounds retain sterically hindered eight phenyl groups where the neighboring phenyl rings are rotated each other with respect to the phthalocyanine plane to avoid the steric congestion around the ortho-protons.
Moreover, the six phenyl groups also possess bulky t-butyl moieties. Therefore, ZnPc and H 2 Pc are expected to show high solubility toward common organic solvents and the reduced tendency of aggregation. Since the two neighboring β positions are occupied by the same functional groups, the target compound can be isolated free from the problem of regioisomeric mixtures. Two carboxylic acid binding groups could guarantee the stable immobilization of the phthalocyanine onto the TiO 2 surface.
Additionally, intramolecular push-pull character afforded by electron-donating (t-butyl) and electron-withdrawing (carboxylic acid) groups would be anticipated to make the efficient electron transfer from the phthalocyanine excited singlet state to the conduction band (CB) of the TiO 2 .
Figure 1

Results and Discussion
Synthesis Syntheses of phthalocyanines used in this study were achieved by the statistical condensation method. 8 A key step in this protocol is the preparation of the Because the electron-rich ligand with high steric hindrance such as S-Phos or P(t-Bu) 3 makes the palladium (0) coordinatively unsaturated, the cross-coupling reactions even for the difficult substrates proceeded smoothly with moderate to good yield. 11
Precursor compound 2 was also achieved through the Suzuki-Miyaura cross-coupling between 4,5-dichlorophthalonitrile and 4-(methoxycarbonylphenyl)boronic acid, but it needed longer reaction time compared with that of 1. Owing to the presence of ester group, the boronic acid would be an inferior nucleophile compared with 4-t-butylphenylboronic acid, and it could be the reason of the longer reaction time.
After obtaining the precursor compounds, we have tried to prepare the desired cyclotetramer by statistical condensation of 1 and 2 in 1-pentanol in the presence of DBU. Although we have expected to obtain 2,3,9,10,16,17- hexakis(4-t-butylphenyl)-23,24-bis(4-methoxycarbonylphenyl)phthalocyanine, we have reached a result to get the mixture of two phthalocyanine compounds. The compounds showed two molecular ion peaks at 1630.7 and 1686.8 with the intensity ratio of 1:3 on the mass spectrometry (MALDI-TOF). Each of the peaks corresponds to 2,3,9,10,16,17- hexakis(4-t-butylphenyl)-23-(4-methoxycarbonylphenyl)-24-(4-pentoxycarbonylphenyl)phthalocyanine, and 2,3,9,10,16,17-hexakis(4-t-butylphenyl)-23,24-bis(4-pentoxycarbonylphenyl)phthalocyanine, respectively. We believed that the exchange reaction between the acetate and pentanoate was occurred during the cyclo-condensation reaction, as is already reported. 6(g),(h) Because both of the compounds would afford the same target compound (i.e., H 2 Pc) by hydrolysis, the mixture was directly employed for the next reaction without further purification. The basic hydrolysis of the compounds in THF/methanol containing aqueous potassium hydroxide solution afforded the corresponding phthalocyanine carboxylic acid, H 2 Pc. To achieve the zinc phthalocyanine carboxylic acid (ZnPc), zinc (II) was inserted into the core of the phthalocyanine esters beforehand by the treatment of zinc acetate. The resulting compounds displayed the molecular ion peaks at 1692.5 and 1748.6 on the mass spectrometry (MALDI-TOF). Each of the peaks corresponds to 2,3,9,10,16,17- hexakis(4-t-butylphenyl)-23-(4-methoxycarbonylphenyl)-24-(4-8 pentoxycarbonylphenyl)phthalocyanatozinc (II) and 2,3,9,10,16,17- and ZnPc in THF are displayed in Figure 2 . Each of the compounds showed the characteristic optical feature of the zinc and metal free phthalocyanine, respectively.
The peak positions at B and Q bands regions are summarized in Table 1 . The steady state fluorescence spectra of the phthalocyanines were also measured in THF and the wavelengths for emission maxima are listed in To determine the first oxidation potential (E ox ) of the phthalocyanines, differential pulse voltammetry (DPV) 13 implying that the optimized geometries are in the global energy minima. 16 Figure 3 illustrates the electron density distributions of H 2 Pc and ZnPc in their respective
LUMOs. Sufficient electron densities around the carboxylic acid binding group on the LUMO of dye are required for the good electronic coupling between the excited state of dye and 3d orbital of TiO 2 . 17 Apart from our expectations, there exists electron density distribution near carboxylic acid binding groups neither of the phthalocyanines. No apparent difference between the two cells with and without the presence of chenodeoxycholic acid reveals that the performance of our present cell is not perturbed by the well-known tendency of phthalocyanine aggregation. We understood this phenomenon is originated from the high steric hindrance of the ZnPc.
Considering the degree of dye aggregation on the TiO 2 surface is generally increased along with prolonged immersion, this interpretation is consistent with the parallel correlation between the time profiles of the η values and the Γ values (vide supra).
Figure 7
To investigate the photovoltaic response of the present cell in more detail, we measured the photocurrent action spectra of ZnPc-sensitized TiO 2 cell under the same conditions for the photocurrent-voltage characteristic measurements (Figure 8a ). 20 To a large extent, the photocurrent response follows the general trend of the absorption feature of the ZnPc/TiO 2 (Figure 8b) , indicating that the phthalocyanine is the main source for the photocurrent generation. The maximal IPCE value at the near-infrared region is measured to be 4.9 %.
Figure 8
Considering the full coverage on the TiO 2 surface and the high molar extinction coefficient at around 700 nm region of ZnPc, the low IPCE value of the ZnPc-sensitized TiO 2 cell cannot be explained by the light-harvesting efficiency. The remaining two 16 factors are the quantum yield of electron injection from the ZnPc excited singlet state to the CB of the TiO 2 electrode, and the efficiency of charge collection. 21 The charge collection efficiency is determined primarily by the relative rate of charge transport and charge recombination. In DSSCs, the injected electron can be recombined by the resulting dye cation and I -/I 3 redox couple before going to the outer circuit. 22 The charge transport is reported to be occurred in the timescale of 10 -7 ~ 10 -5 s, whereas the recombination between the electron and I -/I 3 is happened in the timescale of 10 -3 ~ 1 s. 23, 24 Although the time scale of the charge recombination with the resulting dye cation is known to be varied depending on the electron density on the TiO 2 , typical range is from 10 -5 to 10 -3 s. 23, 25 Therefore, the charge collection efficiency may not be the limiting factor for the low photocurrent generation. The quantum yield of electron injection is controlled by the competing processes against electron injection such as intersystem crossing, nonradiative decay, emission, and excited-state quenching; the most important factor is, however, the driving force for electron injection (ΔG inj ) from the excited state dye to the CB of the TiO 2 . 3c From the solution electrochemistry and spectroscopy, the ΔG inj for ZnPc-sensitized TiO 2 cell is determined to be -0.34 eV.
Apparently, it indicates that the electron injection is thermodynamically feasible process.
The energy level of the CB is, however, not laid in the fixed point but is subject to change depending on the operating conditions of the DSSCs. Mesoporous TiO 2 films have been known to show the Nernstian shifts in their CB level depending on the degree of surface protonations. 26 The shift of the CB of about 0.3 eV related with the changes in the electrolyte compositions is also reported. 22 Besides, the level of the CB would be raised in some degree due to the electron injection itself. The oxidation potential of dye, in addition, is to be positively shifted by the chemical adsorption on the TiO 2 . 18c,27
Thus, the actual driving force for the ZnPc-sensitized cell is estimated to be smaller than the above-mentioned value. In such a case, the electron injection from the excited ZnPc to the CB of the TiO 2 may be occurred mainly or only through surface states because there exist little available acceptor states for the efficient electron injection. 28 Besides, the electronic coupling between the LUMO of the ZnPc and the 3d orbital of the TiO 2 cannot be anticipated to be large enough due to no apparent electron density on the carboxylic acid binding groups together with the intervening phenyl moieties between the ZnPc core and the carboxylic acid (vide supra). Thus, both of the small driving force and the weak electronic coupling would make the ZnPc an inefficient photosensitizer for DSSCs.
Certainly, the performance of our present cell is not good and this is far from our expectations. From this study, however, we can catch invaluable clue for devising effective phthalocyanine photosensitizers for DSSCs applications.
Conclusions
Sterically hindered zinc phthalocyanine carboxylic acid (ZnPc) and its metal free 1735, 1608, 1589, 1484, 1462, 1363, 1268, 1113, 1015, 915, 835, 594, 569 cm -1 ; HRMS (EI positive) m/z calcd for 392.2252 (C 28 H 28 N 2 ), found 392.2249; Elemental analysis (% calcd, % found for C 28 H 28 N 2 ) : C (85.67, 85.37), H (7. 19, 7.30) , N (7.14, 6.87). 20, 144.86, 141.58, 135.39, 130.50, 130.00, 129.39, 115.31, 114.97, 52.38; ν max 3437, 2236 (CN), 1725, 1609, 1436, 1314, 1282, 1188, 1115, 1105, 1018, 861, 777, 713 (16.14, 16.29) , N (7.07, 6.87). 3,9,10,16,17-Hexakis(4-t-butylphenyl)-23,24-bis(4-carboxyphenyl) phthalocyanine (H 2 Pc). A 200 mL of round-bottomed flask was charged with 1 (4.24 g, 10.8 mmol), 2
2,
(1.43 g, 3.60 mmol), 1, 8-diazabicyclo[5.4 .0]undec-7-ene (DBU) (0.3 g, 1.97 mmol), and 1-pentanol (60 mL). The solution was stirred at reflux for 20 h and cooled to room temperature. The solvent was then removed under reduced pressure. The solid material was obtained from methanol, and subjected to silica gel column chromatography (chloroform/hexane = 3:1). The second fraction was collected and reprecipitated from methanol. Silica gel column chromatography (chloroform/hexane = 1:5) of the previously collected material afforded a dark green solid (1.02 g). The solid showed two molecular ion peaks at 1630.7 and 1686.8 with the intensity ratio of 1:3 on the mass spectrometry (MALDI-TOF). Each of the peaks corresponds to 2,3,9,10,16,17- hexakis(4-t-butylphenyl)-23-(4-methoxycarbonylphenyl)-24-(4pentoxycarbonylphenyl)phthalocyanine, and 2,3,9,10,16,17-hexakis(4-t-butylphenyl .18 (s, 6H, phenyl H (2,3,9,10,16,17) ), 9.15 (s, 2H, phenyl H (23,24) 3431, 3296, 2962, 2903, 1716, 1698, 1609, 1506, 1499, 1446, 1435, 1395, 1363, 1315, 1292, 1269, 1105, 1011, 925, 835, 764, 727, 719 2,3,9,10,16,17-Hexakis(4-t-butylphenyl)-23,24-bis(4-carboxyphenyl) phthalocyanato zinc (II) (ZnPc). To a solution of the previously collected dark green solid (500 mg, mixture of the 2,3,9,10,16,17-hexakis(4-t-butylphenyl )-23-(4-methoxycarbonylphenyl)-24-(4-pentoxycarbonylphenyl)phthalocyanine and 2,3,9,10,16,17-hexakis- (4-t-butylphenyl)-23,24-bis(4-pentoxycarbonylphenyl)phthalocyanine) in 1-pentanol (100 mL) in a 300 mL of round-bottomed flask was added anhydrous zinc acetate (500 mg, 3.0 mmol). The solution was stirred at 130 o C for 3 h under nitrogen atmosphere.
After cooling to room temperature, the solvent was removed under reduced pressure.
Silica gel column chromatography (chloroform) of the crude product afforded a green solid (103 mg). The solid showed the two molecular ion peaks at 1692. 5 and 1748.6 with the intensity ratio of 1:3 on the mass spectrometry (MALDI-TOF). Each of the peaks corresponds to 2,3,9,10,16,17-hexakis(4-t-butylphenyl)-23-(4-methoxycarbonylphenyl)-24-(4-pentoxycarbonylphenyl)phthalocyanatozinc (II), and 2,3,9,10,16,17- hexakis(4-t-butylphenyl)-23,24-bis(4-pentoxycarbonylphenyl)phthalocyanatozinc (II), respectively. The mixture was directly employed for the next reaction without further 26 purification.
To a solution of the previously collected green solid (103 mg was adjusted to be 700 -1000 nm to obtain the shape and peak position of the spectra accurately.
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